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A B S T R A C T

Purpose
We examined the rate of increase in the body mass index (BMI; kg/m2) after final height
attainment in survivors of acute lymphoblastic leukemia (ALL) and a noncancer comparison group.

Methods
Childhood Cancer Survivor Study (CCSS) is a retrospectively ascertained cohort study that prospec-
tively tracks the health status of adults who were diagnosed with childhood cancer between 1970
and 1986 and a comparison group of siblings. Changes in BMI from baseline enrollment to time
of completion of follow-up (mean interval, 7.8 years) were calculated for 1,451 ALL survivors
(mean age, 32.3 years at follow-up) and 2,167 siblings of childhood cancer survivors (mean age,
35.9 years).

Results
The mean BMI of the CCSS sibling comparison group increased with age (women, 0.25 units/yr,
95% CI, 0.22 to 0.28 units; men, 0.23 units/yr, 95% CI, 0.20 to 0.25 units). Compared with CCSS
siblings, ALL survivors who were treated with cranial radiation therapy (CRT) had a significantly
greater increase in BMI (women, 0.41 units/yr, 95% CI, 0.37 to 0.45 units; men, 0.29 units/yr; 95%
CI, 0.26 to 0.32 units). The rate of BMI increase was not significantly increased for ALL survivors
who were treated with chemotherapy alone. Younger age at CRT exposure significantly modi-
fied risk.

Conclusion
CRT used in the treatment of childhood ALL is associated with a greater rate of increasing BMI,
particularly among women treated with CRT during the first decade of life. Health care professionals
should be aware of this risk and interventions to reduce or manage weight gain are essential in this
high-risk population.

J Clin Oncol 26:4639-4645. © 2008 by American Society of Clinical Oncology

INTRODUCTION

Acute lymphoblastic leukemia (ALL), with a 10-
year event-free survival rate exceeding 80%, ac-
counts for approximately 25% of all childhood
cancers.1 Despite advances in therapy, there exists a
growing recognition of potential long-term health
problems related to therapies for childhood cancer.
We recently reported that by 30 years after a cancer
diagnosis, 73% of survivors suffer from a chronic
health condition, with 42% of these individuals
having a severe or life-threatening disease or
death owing to a chronic condition.2 Accordingly,
risk factors for modifiable disease among survivors
of childhood cancer need to be identified and
addressed. Obesity is a well-described risk factor
in the general population for the development of

diabetes mellitus,3,4 hypertension,5 dyslipidemia,6

cardiovascular disease,7,8 and cancer.9,10 Indeed,
among both men and women, the risk of death from
all causes increases throughout the ranges of over-
weight and obesity.11,12 Given that both primary and
secondary prevention of obesity are demonstrated
to reduce morbidity and mortality,13 it is essential to
identify those populations at greatest risk for devel-
oping obesity.

Over the past 20 years, several studies have sug-
gested a role for the therapies used to treat childhood
ALL in the increased risk of obesity observed among
survivors.14-24 We previously reported findings
from a cross-sectional analysis of data acquired from
1,765 adult survivors of childhood ALL at the time of
enrollment onto the Childhood Cancer Survivor
Study (CCSS).18 At that time, the mean age of the
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survivors was 24.1 years, with a mean interval from ALL diagnosis to
study of 17.1 years. We identified cranial radiotherapy (CRT) in doses
of 20 Gy or more as the primary risk factor for the increased prevalence
of obesity noted among both men and women, with the highest risk
observed in survivors treated at age younger than 4 years. In contrast
with smaller cross-sectional reports,21,22 we did not detect an in-
creased prevalence of obesity among survivors who were treated with
chemotherapy alone or lower doses of CRT (10 to 19 Gy). To date,
there exist no published data describing longitudinal changes and
trends in body mass index (BMI) experienced by survivors of child-
hood ALL having attained their final height.

The present study was designed to investigate longitudinal
changes in BMI with two specific aims. First, with nearly 8 additional
years of elapsed time from our original study, we sought to determine
whether the rate of weight gain during young adulthood was increased
in ALL survivors when compared with a group of siblings of childhood
cancer survivors. Second, we aimed to determine whether, with time,
other subgroups of ALL survivors were at increased risk in addition to
the previously identified group who were treated with CRT � 20 Gy.
Recognizing the lifetime morbidity associated with obesity, our long-
term goal is to identify at-risk subpopulations of ALL survivors and
develop targeted interventions aimed at prevention of obesity.

METHODS

CCSS

The methodology of the CCSS and a description of the study participants
have previously been published in detail.25 Briefly, the CCSS cohort consists of
survivors of specific childhood cancers (leukemia, brain tumors, Hodgkin’s
lymphoma, non-Hodgkin’s lymphoma, renal tumors, neuroblastoma, soft
tissue sarcomas, or bone tumors) who were diagnosed before the age of 21
years at one of 26 participating centers between 1970 and 1986 and who were
alive at least 5 years from their original diagnosis. The eligible cohort consisted
of 20,720 patients, of whom 14.6% were deemed to be lost to follow-up after
execution of an intensive tracing protocol. Of the 17,703 patients who were
successfully contacted, 14,372 patients (81.2%) enrolled onto the study. Com-
parisons of demographic and cancer-related characteristics of participants and
nonparticipants did not demonstrate significant differences with regard to sex,
cancer type, age at diagnosis, age when the cohort was assembled, and type of
cancer treatment.25,26 To allow comparisons with a noncancer population, a
random sample of participating survivors were asked to identify their nearest-
age living sibling. Of 4,782 eligible siblings, 3,846 siblings (80.4%) participated.
The study methodology was approved by the institutional review board of each
of the participating institutions, and informed consent was obtained from each
participant or his/her parent or guardian. Participating CCSS institutions are
provided in the Appendix (online only). All questionnaires and medical record
abstraction forms are available for review at www.stjude.org/ccss.

At the time of enrollment (1995 to 1996 for most participants), a com-
prehensive baseline questionnaire was completed by the participant, and de-
tailed medical information was abstracted from hospital records. Several
subsequent questionnaires have been completed by the study participants,
including a questionnaire completed in 2002 and 2003 (hereafter referred to as
the 2002 to 2003 follow-up questionnaire). The mean time interval between
these two surveys was 7.8 years. At both time points, respondents were asked to
record their height and weight without shoes. Eligibility for this analysis was
limited to those participants who completed both the baseline and the 2002 to
2003 follow-up questionnaires and for whom information regarding treat-
ment for their original cancer was available.

Cancer Treatment Information

Information regarding original cancer diagnoses was obtained for all
eligible cases from treating institutions. For all CCSS participants returning
signed medical releases, information regarding primary cancer therapies
was collected, including initial treatment and treatment for relapse. Qualita-
tive information was abstracted from the medical record for 42 specific chem-
otherapeutic agents, for which quantitative dose information was abstracted
on 22. Copies of radiation therapy records were obtained and centrally re-
viewed, including doses of CRT and craniospinal radiotherapy and total-
body irradiation.

ALL Survivors and CCSS Sibling Comparison Group

A total of 1,809 ALL survivors were 18 years of age or older at the time of
completion of the baseline questionnaire and remained alive at the time of
completion of the 2002 to 2003 follow-up questionnaire. Complete chem-
otherapy, radiotherapy, height, and weight data from both baseline and
2002 to 2003 follow-up questionnaires were available for 1,451 of these
1,809 survivors.

Demographic and cancer treatment information for 1,451 adult survi-
vors of childhood ALL is presented in Table 1. Mean age at time of the
follow-up study was 32.3 years (range, 22 to 50 years). Mean age at initial
cancer diagnosis was 7.7 years, with a mean interval time between diagnosis
and completion of the follow-up study of 25.1 years (range, 16.3 to 34.3 years).
Fifty-one percent of survivors were female; 86.5% were white, non-Hispanics.

The CCSS sibling comparison population consists of siblings of survivors
from each of the different cancer groups, including ALL. Available for this
analysis were 2,167 siblings of childhood cancer survivors, including 135
same-sex family pairs among ALL survivors included in this analysis. Mean
age of these sibling controls at the time of the follow-up study (35.9 years)
was greater than that of ALL survivors (32.3 years). A further comparison of
the two groups revealed no significant sex differences but a higher percentage
of white, non-Hispanics among siblings as compared with ALL survivors
(92.9% v 86.5%; P � .01).

Participants who completed both baseline and 2002 to 2003 follow-up
questionnaires were compared with nonparticipants (survivors and CCSS
siblings who completed the baseline survey but were subsequently lost to
follow-up or who did not participate in the follow-up survey). Specifically, a
comparison of 1,451 participating survivors and 462 nonparticipating sur-
vivors revealed that nonparticipants were more likely to be men (54.8% v
48.9%; P � .03) or from ethnic or racial minority backgrounds (21.5% v
13.5%; P � .01). Also, nonparticipants were more likely to be younger at time
of the baseline interview (23.6 years v 24.4 years; P � .01) and with a younger
age at time of ALL diagnosis (7.1 years v 7.7 years; P � .02). Importantly,
however, no statistically significant differences were detected between partici-
pants and nonparticipants regarding mean BMI at baseline, the prevalence
of being overweight or obese at baseline, or ALL treatment category.
Similarly, a comparison between 2,167 participating siblings and 852 nonpar-
ticipating siblings demonstrated that nonparticipants were more likely to be
men (51.1% v 46.3%; P � .02) and from ethnic or minority backgrounds
(10.6% v 7.1%; P� .01). No statistically significant differences in mean BMI or
the prevalence of being overweight or obese at baseline were detected between
participating and nonparticipating siblings.

Outcome Measures

BMI was calculated from self-reported heights and weights for ALL
survivors and CCSS siblings at baseline and follow-up. National Heart,
Lung, and Blood Institute definitions for being overweight (BMI � 25.0 to
BMI � 30.0) or obese (BMI � 30.0) were used.13

Statistical Analysis

Because of sex-specific differences in weight gain, all analyses were strat-
ified by sex. Estimates were adjusted for race and attained age, the two variables
that differed between ALL survivors and the CCSS siblings (Table 1). ALL
treatment modalities were categorized into three groups: chemotherapy only,
chemotherapy with CRT 10.0 to 19.9 Gy, and chemotherapy with CRT � 20
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Gy. Thirty-four (2.34%) of the survivors received total-body irradiation, in-
cluding 18 survivors who had total-body irradiation after CRT and 16 survi-
vors who had total-body irradiation without previous CRT.

A linear mixed model, adjusting for attained age and race, was used to
model baseline and follow-up BMI and to estimate BMI change per year from
baseline to follow-up for each ALL subgroup. Within-family correlation and
within-individual correlation of BMI between baseline and follow-up were
accounted for in the linear mixed model by an inclusion of two independent
random intercepts for family and individual. All statistical analyses were per-
formed using SAS version 9.1 (SAS Institute Inc, Cary, NC), and two-sided
statistical inferences were used throughout the analyses.

RESULTS

Mean BMI and the prevalence of being overweight or obese at the
time of baseline and follow-up time points, for both survivors of

childhood ALL and CCSS siblings, are presented in Table 2. Survivors
and CCSS siblings of both sexes gained weight between the time of
baseline and follow-up, manifested by an increasing BMI and an
increased likelihood of being overweight or obese. Adjusted for age
and race, the female CCSS siblings experienced a mean increase in
BMI of 0.25 units/yr (95% CI, 0.22 to 0.28 units; Table 3). The adjusted
BMI increase for male CCSS siblings was 0.23 units/yr (95% CI, 0.20
to 0.25 units).

Compared with the CCSS siblings, ALL survivors who were
treated with chemotherapy alone did not have a significantly different
BMI increase. In contrast, survivors who were treated with CRT in
addition to chemotherapy had a significantly greater increase in BMI.
For women, those treated with CRT had a mean BMI increase of 0.41
units/yr (95% CI, 0.37 to 0.45 units; P � .01). Men treated with CRT
also had a significantly greater increase in mean BMI (0.29 units/yr;
95% CI, 0.26 to 0.32; P � .01) in comparison with male CCSS siblings,
though not to the degree of increase seen in women.

In comparison with the CCSS siblings, there was a signifi-
cantly greater increase in BMI for women in both CRT groups.
Importantly, the correlation between obesity and treatment with
low to moderate dose CRT (10 to 19 Gy) is in contrast with our
previous findings. This change is depicted in Figure 1A, where the
10-year model estimates are provided. At baseline enrollment onto
the cohort, the BMI in women who were treated with CRT 10 to 19
Gy was not significantly different than that of the CCSS siblings.
However, with aging, they experienced a much more rapid weight
gain such that at follow-up, the BMI of those exposed to CRT 10 to
19 Gy approached the mean BMI of those women who were treated
with moderate to high dose CRT (� 20 Gy). In men, the findings
were similar but attenuated (Table 3 and Fig 1B).

Age at cancer diagnosis, and thus age at time of CRT, modified
the outcome (Table 3; Figs 1C and 1D). For this part of the analysis, the
differences between CRT 10 to 19 Gy and � 20 Gy were minimal, and
so these two groups were collapsed into a single group (CRT � 10 Gy).
Women who were treated with CRT � 10 Gy before the age of 10 years
had a mean BMI increase of 0.44 units/yr (95% CI, 0.40 to 0.49 units),
whereas women who were treated between the ages of 10 and 20 years
with CRT � 10 Gy had a significantly smaller increase in BMI (0.35
units/yr, 95% CI, 0.40 to 0.49 units; P � .01) in comparison with the
CCSS siblings. For men, only those who were treated before the age of
10 years with CRT � 10 Gy had a greater increase in BMI in compar-
ison with the CCSS siblings.

The modifying effect of dexamethasone treatment was also as-
sessed. Of 1,451 ALL survivors, 146 survivors (10.1%) were treated
with dexamethasone (68 female patients; 78 male patients). Dexa-
methasone did not significantly modify the outcomes for men
(P � .92); women treated with dexamethasone had a nonsignificant
smaller increase in BMI (P � .08).

DISCUSSION

From this large and diverse population of North American survi-
vors of childhood ALL, who were a mean age of 32 years at follow-
up, we report not only an increased risk of obesity, but a
significantly greater rate of change in BMI over time, as compared
with a noncancer comparison population. To illustrate this BMI

Table 1. Characteristics of Adult Survivors of Childhood ALL and
Siblings of Childhood Cancer Survivors Who Completed

Baseline and Follow-Up Questionnaires

Variable
ALL Survivors
(n � 1,451)

CCSS Siblings
(n � 2,167) P

Sex, % female 51.1 53.7 .1
Race/ethnicity, %

White, NH 86.5 92.9 � .01
Black, NH 1.8 2.0
Hispanic/Latino 4.4 2.6
Other 7.3 2.5

Age at follow-up interview, years
Mean 32.3 35.9 � .01
SD 4.8 7.2
Median 32.0 35.0
Range 22-50 21-57

Age at cancer diagnosis, years
Mean 7.7 NA
SD 4.5
Median 6.3
Range 0.1-20.4

Interval from diagnosis, years
Mean 25.1 NA
SD 4.1
Median 25.2
Range 16.3-34.3

Chemotherapy,� % NA
Cyclophosphamide 46.9
Daunorubicin 25.0
Dexamethasone 10.1
Doxorubicin 27.9
L-asparaginase 89.5
6-mercaptopurine 92.9
Thioguanine 12.8
Etoposide 5.5

Chemotherapy without CRT, % 23.0 NA
Chemotherapy with CRT, %

10.0-19.9 Gy 28.0
20.0-29.9 Gy 43.6 NA
� 30.0 Gy 5.1

Abbreviations: ALL, acute lymphoblastic leukemia; CCSS, Childhood Cancer
Survivor Study; NH, non-Hispanic; SD, standard deviation; NA, not applicable;
CRT, cranial radiotherapy.

�More than 97% were treated with methotrexate, vincristine, and prednisone.
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increase, consider, for example, a 25-year-old female CCSS sibling
who had a height of 1.63 meters (64.2 inches), a weight of 63.8 kg
(140.7 pounds), and a BMI of 24.0 at baseline. With a 0.25 unit/yr
increase, or 2.5 units over 10 years, at the age of 35 years, she would
have a BMI of 26.5, or weight gain of 6.6 kg (14.5 pounds). In
contrast, a female survivor who was treated with CRT and had the
same BMI at baseline as the CCSS sibling would gain 10.9 kg (24.0
pounds) over 10 years, with a mean BMI increase of 0.41 units/yr.
Indeed, the group with the greatest increase in mean BMI was
women who were treated with CRT, particularly those who were

diagnosed with their cancer before the age of 10 years. Of this latter
group, by follow-up, 61.9% were overweight or obese (29.7%
overweight; 32.2% obese). The other novel finding of this study is
that low to moderate dose CRT (10 to 19 Gy) is associated with an
increased risk of obesity in young adulthood, in contrast with our
previous report18 that suggested otherwise. Again, this finding was
most evident in women. Encouragingly, we did not find an excess
weight gain in survivors who were treated with chemotherapy
alone in comparison with the CCSS siblings.

This differential effect of CRT on female patients highlights the
particularly elevated risk of adverse health outcomes faced by women
in comparison with men who received the same therapies. A list of
such outcomes is now documented to include neurocognitive impair-
ment,25,26 earlier onset of puberty,27,28 and reduced final height.29

Although mechanisms underlying the differential impact of CRT on
women remain unclear, some investigators hypothesize that it may be
related to more rapid brain growth experienced by women relative to
men during early childhood.25,30

In both men and women treated with CRT, the BMI increase per
year was modified by age at CRT exposure. Previously considered
mechanisms include the impact of CRT at a young age on growth
hormone secretion; growth hormone deficiency is associated with an
increase in percent body fat.31 CRT received at a young age may also
blunt hypothalamic leptin sensitivity and thereby alter the body’s
response to leptin and the regulation of body weight, metabolism, and
reproductive function.32 Of particular interest in this regard, we pre-
viously reported that a hypothalamic leptin receptor polymorphism is
associated with obesity in women who were treated with CRT at a
young age.33 We have also found that CRT is associated with physical
inactivity, particularly in women, and thus may contribute to this
excess weight gain.34 Interestingly, adults with mild-to-moderate
mental retardation seem to have an increased prevalence of physical
inactivity and obesity.35 Whether or not mild-to-moderate cognitive
dysfunction after CRT contributes to the obesity and physical inactiv-
ity seen among ALL survivors has not been formally studied and
warrants further investigation.

Table 2. Mean BMI and Prevalence of Overweight and Obesity Among Survivors of Childhood ALL and CCSS Sibling Controls at Baseline and Follow-Up

Characteristic

Baseline Follow-Up

No.

BMI

Overweight (%) Obese (%) No.

BMI

Overweight (%) Obese (%)Mean SD Mean SD

Female study participants
CCSS siblings 1164 24.6 5.5 19.6 15.0 1164 26.3 6.3 25.0 22.2
ALL survivors 742 25.0 5.6 22.4 16.7 742 27.9 6.9 28.8 31.7

Therapy
Chemotherapy only 186 23.6 4.9 18.8 9.1 186 25.6 5.7 22.0 19.9
Chemotherapy � CRT 10-19 Gy 195 24.3 5.2 20.5 12.8 195 27.9 6.7 30.8 31.8
Chemotherapy � CRT � 20 Gy 359 26.1 5.9 25.1 22.8 359 29.3 7.3 31.5 37.9

Male study participants
CCSS siblings 1003 25.9 4.5 39.3 14.7 1003 27.4 4.9 44.2 22.5
ALL survivors 709 25.7 5.0 33.6 16.9 709 27.9 5.6 38.5 28.8

Therapy
Chemotherapy only 147 25.2 4.7 33.3 15.0 147 27.3 5.1 42.2 22.5
Chemotherapy � CRT 10-19 Gy 211 25.5 5.1 33.2 15.2 211 28.1 5.7 33.7 33.2
Chemotherapy � CRT � 20 Gy 347 26.0 5.0 34.0 18.7 347 28.1 5.8 40.1 28.8

NOTE. Overweight is defined as BMI 25.0 to 29.9; obese is defined as BMI � 30.
Abbreviations: BMI, body mass index; ALL, acute lymphoblastic leukemia; CCSS, Childhood Cancer Survivor Study; SD, standard deviation; CRT, cranial radiation therapy.

Table 3. Mean Increase in BMI by Group

Group

BMI
Increase
(units/yr) 95% CI

P Compared
With

Siblings�

Female study participants
CCSS siblings 0.25 0.22 to 0.28
ALL survivors

Chemotherapy only 0.26 0.19 to 0.33 .77
Age at diagnosis 0-9 years 0.28 0.20 to 0.37 .41
Age at diagnosis 10-20 years 0.20 0.07 to 0.32 .46

Chemotherapy � CRT � 10 Gy 0.41 0.37 to 0.45 � .01
Age at diagnosis 0-9 years 0.44 0.40 to 0.49 � .01
Age at diagnosis 10-20 years 0.35 0.28 to 0.43 .01

Male study participants
CCSS siblings 0.23 0.20 to 0.25
ALL survivors

Chemotherapy only 0.26 0.21 to 0.31 .32
Age at diagnosis 0-9 years 0.27 0.21 to 0.34 .19
Age at diagnosis 10-20 years 0.22 0.12 to 0.32 .88

Chemotherapy � CRT � 10 Gy 0.29 0.26 to 0.32 � .01
Age at diagnosis 0-9 years 0.30 0.27 to 0.33 � .01
Age at diagnosis 10-20 years 0.27 0.21 to 0.33 .19

Abbreviations: BMI, body mass index; CCSS, Childhood Cancer Survivor
Study; ALL, acute lymphoblastic leukemia; CRT, cranial radiation therapy.

�Adjusted for age at interview, race, and ethnicity.
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We did not find a significant association between treatment with
chemotherapy alone (without CRT) and risk of obesity or change in
BMI over time. With the more frequent use of dexamethasone in
contemporary therapy, some have suggested that this may lead to an
increased risk of obesity. Though limited by small numbers, we did
not find that dexamethasone exposure increased the prevalence of
obesity or the rate of BMI increase. Likewise, other recent studies have
not reported a differential impact of dexamethasone on rates of obe-
sity experienced by survivors of childhood ALL.22,36

When interpreting the findings of this study, it is important to
recognize some limitations. Individuals who did not participate in the
follow-up interview included higher percentages of men, minorities,
and survivors who were younger at the time of ALL diagnosis. Addi-
tionally, we used self-reported heights and weights to determine BMI,
which may be subject to bias and imprecision. However, similar mea-
surements of height and weight, including those self-reported by study
participants, have been found to be generally accurate and do not
contribute importantly to errors in BMI calculation.37 Furthermore,
we assume that measurement imprecision and reporting biases, to the
extent they did occur, were similar for survivors and CCSS sib-
lings.38,39 Lastly, with contemporary therapy, only approximately 5%
to 25% of patients with ALL, primarily those with high-risk disease,
are treated with CRT. However, based on the incidence of ALL and the
evolution of therapy, ALL survivors who were treated with CRT rep-
resent approximately 10% of all current pediatric cancer survivors.

In summary, CRT is associated with significantly greater rates of
BMI gain over time compared with that observed in CCSS siblings and
ALL survivors treated with chemotherapy alone. This association is
observed in both male and female survivors, with the association being
most pronounced among women who received CRT during the first
decade of life. ALL survivors also face significantly increased risks of
cardiovascular disease,40-43 lipid abnormalities,41 osteoporosis,44,45

and all-cause mortality.46 Given that the vast majority of adult survi-
vors of childhood ALL are not observed at a cancer center but rather
receive most of their care at a primary care physician’s office,47 it is
imperative that primary health care professionals become familiar
with these risks. Shortly after completing CRT, ALL survivors and
their families should receive counseling on evidence-based lifestyle
practices that can help prevent later-in-life obesity. Such advice should
be consistent with the lifestyle practice recommendations of the
World Cancer Research Fund (www.dietandcancerreport.org), the
American Cancer Society,48 and the Dietary Guidelines for Ameri-
cans (http://www.health.gov/DietaryGuidelines/).
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Fig 1. Model-based estimates of linear
changes in mean body mass index be-
tween baseline and 10 years follow-up for
(A) female Childhood Cancer Survivor
Study (CCSS) sibling controls and adult
survivors of childhood acute lymphoblas-
tic leukemia (ALL) according to treatment;
(B) male CCSS siblings and adult survivors
according to treatment; (C) female CCSS
sibling controls and adult survivors who
received cranial radiation therapy (CRT)
� 20 Gy according to age at diagnosis of
ALL; (D) male CCSS sibling controls and
adult survivors who received CRT � 20
Gy, according to age at diagnosis of ALL.
The P values are from testing the equality
of slope to the CCSS sibling controls (only
those with P � .05 are shown).
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